The incidence of cholera in Bangladesh shows clear seasonality, suggesting that weather factors could play a role in its epidemiology. We estimated the effects of rainfall on the incidence of cholera in Dhaka, Bangladesh. Methods: We examined time-series patterns of the weekly number of hospital visits due to cholera in relation to weekly rainfall from 1996 to 2002. We used Poisson regression models, adjusted for seasonal variation, between-year variation, public holidays, and temperature. The role of river level on the rainfall-cholera relationship was also examined by incorporating river-level terms into the models. Results: The weekly number of cholera cases increased by 14% (95% confidence interval ϭ 10.1%-18.9%) for each 10-mm increase above the threshold of 45 mm for the average rainfall, over lags 0 to 8 weeks. Conversely, the number of cholera cases increased by 24% (10.7%-38.6%) for a 10-mm decrease below the same threshold of average rainfall, over lags 0 to 16 weeks. River level partly explained the association between high rainfall and the number of cholera cases. Conclusions: The number of cholera cases increased with both high and low rainfall in the weeks preceding hospital visits. These results suggest that factors associated with river level are on the causal pathway between high rainfall and incidence of cholera.
C holera remains a major public health problem in many areas of the world, particularly in Bangladesh, India, and countries in Africa and South America. Vibrio cholerae, the bacterium that causes the disease, is known to inhabit rivers, estuaries, and coastal waters. 1 Outbreaks of cholera can be initiated when V. cholerae is present in drinking water in sufficient numbers to constitute an infective dose. Incidences of cholera are dynamic in endemic regions and show regular seasonal cycles. A bimodal annual distribution is observed in Bangladesh, 2 while single annual peaks can be seen elsewhere (eg, South America 3 and India 4 ). This clear seasonality suggests that weather factors play a role, which is likely through multiple pathways. With growing concerns about global climate change, many studies have focused on the associations between climate variability and fluctuations in the incidence of cholera. There is considerable evidence for a role of El Niño-Southern Oscillation, a major source of interannual climate variability, in the interannual variation of endemic cholera in Bangladesh. [5] [6] [7] [8] Sea surface temperature in the Bay of Bengal shows a bimodal annual cycle similar to the seasonal pattern of cholera in Dhaka, Bangladesh. 9 A role of climate factors related to water levels such as rainfall has also been invoked to explain seasonality of cholera since early times. 2 Floods and droughts can affect the concentration of the bacterium in the environment, survival of the bacterium (through effects on salinity, 10 pH or nutrient concentrations) human exposure to the pathogen, sanitary conditions, and susceptibility to disease. 2 However, there have been few studies that have quantified the impact of short-term climate variability on the incidence of cholera. This is of interest in its own right, as well as potentially clarifying of the pathways from climate to the seasonal epidemics of the disease. 2 This study aimed to investigate the relationship between short-term variations in climate-particularly rainfall-and incidence of cholera in Dhaka, Bangladesh. To gain some insight into possible causal pathways linking rainfall to the occurrence of cholera, the association between river levels and incidence of cholera was also investigated. Population factors that might affect vulnerability to the effect of rainfall on incidence of cholera were also investigated.
METHODS

Hospital Surveillance
The primary outcome for this study was the weekly number of patients with cholera who visited the International Centre for Diarrheal Disease Research, Bangladesh, Dhaka Hospital. This hospital serves an urban population of approximately 10 million 11 and provides free treatment for more than 100,000 cases of diarrhea each year. Every 50th patient has been enrolled in the surveillance system since 1996. For each patient, stool was microbiologically examined to identify any enteric pathogens. We retrieved information on the date of hospital visit and the pathogens identified from each stool specimen, during a 7-year period (January 1996 to December 2002). Information on age, sex, socioeconomic status (educational level and roof structure of the house), and hygiene and sanitation practices (drinking water source, distance to the water source, and type of toilet) for each patient was also abstracted to investigate potentially vulnerable groups. These were selected as potential markers of vulnerability because socioeconomic status 12, 13 and hygiene and sanitation practices 14, 15 have been identified as important determinants of cholera in Bangladesh. A patient was classified as a cholera case when V. cholerae of the serogroup O1 or O139 was identified from the stool specimen, regardless of the presence of other pathogens.
Meteorologic and River Level Data
We obtained data on daily rainfall and on maximum and minimum temperature in Dhaka from the Bangladesh Meteorological Department. The daily river level of Brigonga River at Mill Barrack in Dhaka was recorded by the Bangladesh Water Development Board. The weekly mean for maximum temperature and maximum river level and the total weekly rainfall were calculated from the daily records.
Statistical Analysis
Statistical methods are summarized here and described in detail in the Appendix (available with the online version of this article). We examined the relationship of the number of cholera cases per week with rainfall, river level, and temperature, using generalized linear Poisson regression models allowing for overdispersion. 16 To account for seasonality in the incidences of cholera that are not directly due to the weather, we included in the model Fourier terms up to the sixth harmonic (a time span of approximately 2 months). Indicator variables for the years of the study were incorporated into the model to allow for long-term trends and other variations among the years. An indicator variable for public holidays was incorporated into the model to control bias in the event that holidays affected access to the hospital, as was suggested in a previous time-series study in the United Kingdom. 17 To allow for autocorrelations, an autoregressive term at order 1 was incorporated into the models.
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Models for Rainfall
From exploratory analyses, existing literature, and considerations of interpretational difficulty with very long lags, we considered lags of up to 16 weeks for the delay in the effect of rainfall on the number of cholera cases. In our initial analyses, we fit a natural cubic spline (3 df) 19 to (a) the average rainfall over lags 0 to 16, and (b) the average over 0 to 8 weeks and 9 to 16 weeks, as separate splines that were simultaneously included in the model. We also included temperature as a natural cubic spline (3 df) in all models to control confounding, with lag 0 to 4 weeks, as suggested by previous studies. 20, 21 Because initial analyses of rainfall suggested a broad "U" shape, we then fitted a double-thresholds model, comprising linear terms for rainfall above and below "high" and "low" thresholds respectively, with no association, (ie, flat bottom of U) in between. 22 Guided by the spline analyses, the low and high rainfall terms were based on the 0 to 16 and 0 to 8 week averages, respectively. The thresholds were estimated by maximum likelihood. An increase or decrease in the number of cholera cases that were associated with a 10-mm increase or decrease in a given measure of rainfall above or below the thresholds, estimated as coefficients from the regression model, was reported as percentage change.
Using the simple thresholds model, we then examined lag effects in more detail, by fitting linear unconstrained distributed lag models, comprising terms for low and high rainfall at each lag up to the previous 16 weeks. 22 The simple linear-thresholds model also allowed investigation of the modification of rainfall effects by patient characteristics (for example socioeconomic status), by fitting the models separately to incidence series according to their characteristics.
Models for River Level
Because we hypothesized that river level is one of the causal pathways between rainfall and incidence of cholera, river level was not included in the initial analyses; the relationship between river level and the number of cholera cases was examined in later analyses. Specifically, we fit a natural cubic spline (3 df) to the average river level over lags 0 to 4 weeks and incorporated this into a model comprising the same confounders included in the model for rainfall. (The lag period was set at 0 -4 weeks because preliminary analyses showed rainfall to predict river level most strongly after a delay of 4 weeks.) Finally, the relationship between rainfall and the number of cholera cases was reestimated, adjusted for river level by incorporating the river-level terms into the model for rainfall, to clarify what component of the rainfallcholera association was through factors associated with elevated river level.
We carried out several sensitivity analyses, including repeating the same procedures using weekly average for daily minimum (instead of maximum) river level or temperature. All statistical analyses were carried out using Stata 9.0 (Stata Corporation, College Station, TX).
RESULTS
Between 1996 and 2002, 3807 of the sampled hospital visits were due to cholera. The mean Ϯ SD weekly number of cholera patients was 10.5 Ϯ 8.8. Half of the cholera patients were children younger than 15 years (Table 1) . More than 80% lived in household with nonconcrete roof, and approximately half of the patients used sanitary toilet and tap water for drinking. These figures are comparable with the general population in Dhaka city (73% for nonconcrete roof, 46% for tap water, and 55% for sanitary toilet). 23 Seasonal variation in hospital visits due to cholera showed the well-known bimodal seasonality-peaking before the monsoon (high rainfall period) and at the end of the monsoon (Fig. 1) , with a trough in the middle of the monsoon. There was thus little obvious tracking of seasonal patterns of incidence of cholera with rainfall. Figure 2 shows the relationship between the number of cholera cases and rainfall, before and after adjustment for seasonal variation, between-year variation, public holidays, and temperature. Before adjustment, there appears to be an increase in cholera cases with higher rainfalls at lag 0 to 8 ( Fig. 2A ) and 0 to 16 weeks (Fig. 2B ). After adjustment, there is a positive slope with high rainfall for a lag of 0 to 8 weeks (Fig. 2C) ; this is true of both high and low rainfall for a lag of 0 to 16 weeks (Fig. 2D ). For the linear-thresholds model, the maximum likelihood estimate of the threshold for high rainfall and low rainfall was 45 mm (95% confidence interval (CI) ϭ 36 -53) for the average rainfall over a lag of 0 to 8 and 0 to 16 weeks, respectively. The total number of "highrainfall" weeks, according to this definition, was less than that of low-rainfall weeks (152 vs. 208). For a 10-mm increase above the rainfall threshold (45 mm), the number of cholera cases increased by 14% (95% CI ϭ 10.1%-18.9%) after controlling for seasonal and between-year differences, public holidays, and temperature. For a 10-mm decrease below the rainfall threshold, the number of cholera cases increased by 24% (11.3%-38.9%). Figure 3 shows the effects of high or low rainfall (the slopes of the thresholds model) at different lags using the distributed lag model. The high-rainfall effect was observed at shorter lags (1-5 weeks) (Fig. 3A) . In contrast, the "low-rainfall" effects persisted for longer, (Fig. 3B ) with increased risk through most of lags 1 to 16 weeks. These findings confirm our original choice of lags of 0 to 8 weeks for high rainfall and 0 to 16 weeks for low rainfall. For both "high rainfall" and "low rainfall," the risk of a hospital visit due to cholera was similarly elevated for all of the subgroups examined: ie, there was no evidence for the difference in the effects of "high rainfall" and "low rainfall" by socioeconomic status, hygiene and sanitation practice, and other characteristics examined, and thus no evidence for heightened vulnerability to these factors in the subgroups examined. Figure 4 shows the relationships between the number of cholera cases and river level before and after adjustment for seasonal variation, between-year variation, public holidays, and temperature. Before adjustment, there appears 
Relationship With Rainfall
Relationship With River Level
to be an increase in cholera cases when the river level is higher than 4 to 5 m (Fig. 4A) . This pattern was similar after adjusting for seasonal variation, between-year variation, public holidays, and temperature (Fig. 4B) . The estimated threshold was 4.0 m (95% CI ϭ 3.9 -4.2): for a 1 m increase above the threshold, the number of cholera cases increased by 137% (109%-170%). The estimate was similar when daily minimum river level was used instead of maximum river level.
Relationship With Rainfall Adjusted for River Level
The risk-response relationships between rainfall and the number of cholera cases after adjusting for river level, seasonal variation, between-year variation, public holidays, and temperature are shown in eFigure 1 (available with the online version of the paper). The positive slope shown for a lag of 0 to 8 weeks declined after adjustment for river level, but was not completely eliminated (eFig. 1A effect of "high rainfall"). The positive slope shown for a lag of 0 to 16 weeks substantially declined after adjusting for river level (eFig. 1B effect of "low rainfall"). After adjusting for river level, we estimated that the effect of high rainfall was decreased to 8.3% (3.1%-13.8%) by using the same threshold as that used before adjusting for river level. Nevertheless, the evidence for an association remained very strong. In addition, the effect of "low rainfall" decreased to 12.4% (0.2%-26.2%) after adjusting for river level. 
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Relationship With Temperature
Although temperature was not the focus of this study, we considered the broad form of the relationship between number of cholera cases and temperature. Figure 5 shows the relationship before and after adjustment for seasonal variation, between-year variation, public holidays, and rainfall. Before adjustment, there appears to be an increase in the number of cholera cases with higher temperatures (Fig. 5A) , while after adjustment, the positive relationship with temperature leveled off at approximately 30°C (Fig. 5B) . The relationship was largely unchanged when daily minimum temperature was used instead of maximum temperature (results not shown).
DISCUSSION
High rainfall was associated with increased hospital visits due to cholera over the next 8 weeks. River level, or factors associated with it, was found to be an important part of the causal link between high rainfall and the incidence of cholera. Low rainfall and high temperature were also associated with increases in cholera cases.
Most previous studies of temporal variation in cholera and weather in Bangladesh have sought to explain interannual or seasonal patterns. [5] [6] [7] [8] [9] 24 In contrast, this study looked at 
FIGURE 4.
Relationship between the number of cholera cases and the average river level over a lag of 0 to 4 weeks (shown as a 3 df natural cubic spline), before (A) and after (B) adjustment for seasonal variation, between-year variation, public holidays, and temperature. RR is the relative risk of cholera (scaled against the mean weekly number of cholera cases). The center line in each graph shows the estimated spline curve, and the upper and lower lines represent the 95% confidence limits.
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Rainfall and Cholera in Bangladesh how weather explained short-term associations after controlling for seasonal and interannual patterns. Thus our results draw on different information than the previous studies, and are complimentary to them. Our results are not subject to confounding bias by factors that might explain interannual or seasonal patterns, although our results are subject to other factors that cause departures from typical seasonal patterns. We considered whether the short-term associations we found can explain the well-known bimodal seasonal pattern in cholera in Bangladesh. Broadly, the high-rainfall effect over lags 0 to 8 weeks explains some but not all of the second peak, and the low rainfall effect over lags 0 to 16 weeks explains some but not all of the first peak. However, even after adjusting for these rainfall effects, a bimodal pattern remains. Thus the associations we report here appear to be in addition to whatever factors explain the typical seasonal pattern, rather than simply a component of it. Our results are therefore not contradictory to those proposing alternative explanations of the typical seasonal pattern. 5, 9 The same is probably true of most factors that explain interannual variation.
The finding of the adverse effect of high rainfall on the incidence of cholera is nevertheless in contrast with a previous suggestion that high rainfall reduces the occurrence of cholera during the monsoon. 2 The possible mechanisms of the decrease in cholera during the monsoon were proposed as the dilution in the concentration of pathogens in aquatic environments, and the reduction of water salinity to below the optimum requirements for pathogen survival as the result of increased river discharge due to monsoon rains. 2 However, this seasonal coincidence may be a consequence of other unmeasured environmental or behavioral factors, which are more (or less) often observed in the monsoon season. However, identification of the specific attributable factors is not possible because many environmental variables of interest show regular seasonal cycles. The current study aimed to examine the effect of rainfall on the incidence of cholera controlling for such unmeasured seasonal factors.
Although this study did not directly investigate the mechanisms of the association between high rainfall and the incidence of cholera, the results point toward several hypotheses. Heavy rain leads to flooding, which may affect water and sanitation systems and thereby promote the intake of contaminated water. The presence of a threshold in an exposure-response curve for both rainfall and river level against the number of cholera cases, may support a hypothesis for the pathway: high rainfall 3 flooding (overflowing water) 3 exposure to contaminated water with V. cholerae, as flooding is likely to happen only after certain amount of rainfall. Ingestion of a few copepods, which carry a high concentration of V. cholerae, can initiate an infection 25 and this occurs more frequently when exposed to untreated water during flooding. However, we found no evidence for the modification of the rainfall effect by drinking water source. Although drinking water contamination is not expected to be as pronounced in Dhaka (where the main drinking water sources are tube wells and taps, rather than surface water), surface water might nevertheless have some impact as it is used for washing and bathing in Dhaka. Investigations of more detailed pathways of the rainfall-cholera relationship, particularly the role of drinking water quality, would be of interest.
The threshold of river level (4.0 m) for the increase in the number of cholera cases was below the flood-danger level of the major river (6.0 m). This suggests that the observed increase in cholera cases occurred in the absence of over- flowing river water. Although we measured water levels only of the major river, there are a number of smaller rivers, ponds, and lakes scattered among the communities in Dhaka that perhaps flood even if the river does not. Rainfall can affect not only human exposure to the pathogen and sanitary conditions, but also the growth of the pathogen and its survival, through the effect of salinity, 10 pH, or nutrient concentrations in aquatic environments. 25 High rainfall increases the levels of insoluble iron, which improves the survival of V. cholerae in aquatic environments. 25 Moderate levels of iron also increase expression of the cholera toxin. 25 It has also been suggested that high rainfall might wash away the vibriophages that prey on V. cholerae in water, leading to the epidemics of cholera. 26 However, the time lag between when rain falls and when V. cholerae have multiplied enough to successfully infect a host is not clear; thus, it is not obvious whether the effect of high rainfall on incidence of cholera found in this study can be linked to these pathways. To provide more direct evidence for the pathways, it will be necessary to quantify the level of V. cholerae in aquatic environments at the same time as measuring rainfall and river levels.
This study also found that low rainfall might explain any increase in cholera cases. Low rainfall might influence the incidence of cholera through changes in water supply and hygiene behaviors. 2 Although severe scarcity of drinking water would not be expected in Dhaka, surface water might nevertheless have some impact; a certain proportion of people of Dhaka rely on surface water for washing and bathing, which could consequently increase the risk of contamination and exposure to cholera during low rainfall-in part because the likelihood of multiple uses in a body of water may increase when the amount of surface water is scarce. 25 Our finding of a positive relationship between ambient temperature and number of cholera cases is broadly in accordance with previous studies. 20, 27 This relationship might be due to the promotion of growth and multiplication of V. cholerae, which directly influences the abundance and toxicity of V. cholerae in aquatic environments; alternatively, it might be due to an indirect influence on pH levels as a result of increased aquatic plant or algal growth when the temperature is warm. 25 It has been suggested that the high correlation between surface temperature in the Bay of Bengal and the outbreak of cholera is due to warm waters along the coast, coupled with plankton blooms driven by warm ocean temperatures, which are favorable conditions for multiplication of V. cholerae. 9, 25 There may be concerns about a possible effect of immunity because the population at risk changes over time. Infection with V. cholerae O1 or O139 increases immunity to reinfection, but it is not known for how long. 28 However, as population immune status is not likely to change quickly, it seems unlikely that this would obscure the short-term (within 16 weeks) dependence of cholera on the factors investigated in this study.
The observed association between rainfall and the number of cholera cases may be specific to places characterized by low land with bodies of water that are vulnerable to flooding. The association may also be greatly dependent on the degree of hygiene and sanitation in an area. The large estuary of Bangladesh provides a suitable environmental reservoir for V. cholerae and these topographic characteristics may be unique to Bangladesh. Therefore, our findings may not pertain to other places.
The World Health Organization listed cholera as a candidate for developing early warning systems because of cholera's large global burden and climate sensitivity. 29 The results of this study can contribute to the base of information for predicting epidemics, and therefore has the potential to improve disease control. Expected increases in temperature, changes in precipitation patterns, and increased flooding in Bangladesh 30 give particular focus to the results, although the short-term associations reported here should not be directly extrapolated to changes in climate over decades.
In conclusion, this study found that the number of cholera cases increased with high and low rainfall in the weeks preceding hospital visits, even after potential confounding by seasonal variation, between-year variation, public holidays, and temperature are taken into consideration. The association between rainfall and incidence of cholera may be explained, in part, by the effect of rainfall on river levels.
